Abstract. This paper proposes an adaptive fast terminal sliding mode tracking control for robotic manipulators. The upper hounds of system uncertainties are estimated through an adaptive mechanism and used for the design of the controller. In order to eliminate the chattering, a method of softening control is adopted. Meanwhile, the tracking precision problem of the fast terminal sliding mode control of the manipulator is explored. The mathematical relationship between the tracking precision of the system and the width of the saturation function used for elimination of chattering is formulated. Through the specification of the tracking precision. appropriate saturation functions can he designed. Simulation results are presented to validate the analysis.
Introduction
Variable structure systems (VSS) are well known for their robustness in system parameter variations and external disturbances [7, 8] . VSS have been used i? many applications, such as robots, aircrafts, DC and AC motors, power system, process control and so on. In VSS, the sliding mode control (SMC) is designed to drive and then constrain the system states to lie within a neighborhood of the switching manifolds which can be prescribed. When in the sliding, the closed-loop response becomes totally insensitive to both internal parameter uncertainties and external disturbances. However, one of the representative characteristics of conventional VSS is that the convergence of the system states to the equilibrium point is usually asymptotical but not in finite time. Recently, the terminal sliding mode (TSM) controller has been developed [Z, 3, 111 , which can guarantee the finite reaching time to the manifold from any initial states and the finite reaching time to the equilibrium. It offers some superior properties such as fast finite time convergence and less steady state errors. However, the existing TSM control does not perform as good as those linear switching hyperplanes when the system is far away from its equilibrium. To overcome the problem, a fast terminal sliding mode (FTSM) controller is proposed in [12] , which is able to combine the advantage of the TSM control and the conventional SMC (linear hyperplane based) together so that the fast transient convergence both at a distance and near the equilibrium is obtained.
Many robust control schemes have been developed in the field of control of rigid robotic manipulators [7] . Since there exist highly nonlinear properties, internal parameter uncertainties and external disturbances in rigid robot dynamics, robustness is an essential requirement for control schemes of the manipulators. A robust tracking control method for the manipulators was proposed in [3] . A simple robust nonlinear control law for d i n k robot manipulators using the Lyapunov based theory was proposed in [81. A TSM control for rigid robots was proposed in [ I l l . This paper proposes an adaptive FTSM tracking control for the n-degree of freedom robotic manipulators. It uses an important property of robotic manipulators, in which the system uncertainties are upper bounded by a positive function of the position and velocity measurement. The robust and adaptive controllers for robotic manipulators are designed, which enable the manipulator to be robust in both the internal parameter uncertainties and the external disturbances. The FTSM tracking conhol for the n-degree of freedom robotic manipulators is realized. The upper bounds of system uncertainty are estimated through an adaptive mechanism and used for the design of the controller. Same as other SMC, there is serious chattering in FTSM control due to switching functions used. In order to eliminate the chattering, a method of softening control is adopted. Meanwhile, the tracking precision problem of the FTSM control of the manipulator is explored. The mathematical relationship between the tracking precision of the system state and the width of the saturation function used for elimination of chattering is formulated. Through the specification of the tracking precision, appropriate saturation functions can be designed. Simulation results are presented to validate the design.
The Fast Terminal Sliding Mode Control
The FTSM concept can be described by the following first order dynamics which indicates that at the equilibrium the "eigenvalue'' tends to negative infinity. and of course, the system trajectory with such an "infinitely" negative eigenvalue will converge to the equilibrium with an "infinitely" large speed which results in finite time reachability.
The convergence rate of the ITSM is much better than its linear counter part. The obvious reason is when close to the equilibrium, the convergence rate of the linear sliding mode exponentially slows down while the convergence rate of the fast sliding mode accelerates exponentially.
Adaptive FTSM Tracking Control for Rigid Robotic Manipulators
For a d i n k robotic manipulator, the manipulator is modeled as a simultaneous system of n highly coupled nonlinear second-order differential equations. Thus, consider the following Euler-Lagrange dynamic equation for a d i n k robotic manipulator where q(t) is the nxl vector of joint angular position, M(q) is the nxn symmetric positive definite inertia matrix, c(q,4) is the nxl vector containing Coriolis and centrifugal forces, g(q) is the nxl gravitational torque, and ztt) is nxl vector of applied joint torques that are actually control inputs.
We assume that the rigid robotic manipulators have uncertainties, i.e.: We make some assumptions prior to further discussion. These assumptions are usually satisfied in the application of the rigid robotic manipulators. 
M(q)i+C(q,4)4 + g ( q ) = r(r)
then the system tracking error q ( t ) can converge to zero in finite time. 
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where Gbeing a design parameter, then, the chattering will be eliminated. Furthermore, the steady state tracking precision of the system in TSM can be described as It is easily seen that the error norm l l @l l will converge to which leads to 1 1 @1 1 I (6/llA211~'q for t + -QED.
Remark 2.
Theorem 2 provides a solution to eliminate the chattering through softening the control. Actually, the introduction of the boundary layer is a continuous approximation to the discontinuous sliding mode within the boundary layer. Outside the boundary layer, the adaptive fast FTSM tracking control is the same as the original control, that is the control with switching functions (15). Since the robustness is only guaranteed outside the boundary layer, the chattering is eliminated at the cost of a nonzero steady state tracking error.
Simulations
A simulation with a two-link rigid robot manipulator (see Fig.1 ) is performed for the purpose of evaluating the performance of the proposed the adaptive fast terminal sliding mode tracking control scheme for robotic manipulators. In order to eliminate the chattering. we use the TSM control (30) and (31). The simulation results are shown in
Figs. 2-5. Fig.2 and Fig.3 show the output tracking of joint 1 and 2 using the boundary layer controller respectively. Fig.4 and Fig.5 show the control input of joint 1 and 2 using a boundary layer controller. It is seen also that the chattering has been eliminated. 
Conclusions
In this paper, an adaptive FTSM tracking control scheme for robotic manipulators has been proposed, which enables the robustness in both the internal parameter uncertainties and the external disturbances. Using the property of robotic manipulators, in which the system uncertainty is upper hounded by a positive function of the position and velocity measurement, the robust and adaptive mode controllers for robotic manipulators have been designed. The upper bounds of system uncertainties are estimated through an adaptive mechanism and used for the design of the controller. In order to eliminate the chattering, a method of softening control is adopted. The analysis of the steadystate tracking precision of the system in the FTSM has been given and the mathematical relationship between the steady-state tracking precision of the system states and the width of the saturation functions used to eliminate chattering has been deduced. Through the specification of the steady state tracking precision of the system states, the appropriate saturation function can he designed, which not only eliminates the chattering but also guarantees the specification. Simulation results are presented to validate the analysis.
